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Results from the chemical stain etch fabrication and analysis of thin-film photoluminescent! A-,t, ty Codes

porous silicon on sapphire substrates are presen ted. T he tran sparen t sapp hire sub strate allo ,w s .... ..... .

the excitation and collection of the luminescence at either the front or back of the Aafer. Avail aad Ior

Morphological differences found using scanning electron microscopy between porous SOS and! ,-se

porous bulk silicon are attributed to preferential etching of threading dislocations. This is V\A
confirmed by an observed stress relaxation in the Raman spectra. Also, it is shown for the first
time that photoluminescent porous silicon (n-type) can be produced by photoinitiation of the
chemical stain etch.

Silicon on sapphire (SOS) is a proven technology for tion from the HNO3 oxidant into the silicon substrate ",ia

large scale integrated circuitry. It has several distinct ad- the following net reaction:
,antages over bulk silicon for various applications. In elec- Si -HNO,+6HF- H-StF 6 +HNO -H0 H-

tronic circuits SOS has intrinsically lower parasitic capac-
itances and provides better device isolation. It can be The rea.tion is catalyzed by the presence ot NO;- ions. and
thinned to yield vertically scaled dimensions facilitating so there is usually an induction period obsersed for the

horizontal scaling of submicron devices. In addition the etching process. Deionized H:O ,as subsequcntl) added to
transparent sapphire substrate provide; an ideal medium the solution prior to immersion of the sample to be etched.
for flat panel displays and optical communication circuits. Typical etch times ranged from I to 15 min. The samples

With photoluminescent porous silicon)-1o emerging as were rinsed with deionized water, dried Aith nitroger' and

a potential electro-optic material for integrated circuit ap- examined with a hand held ultra'iolet (UV) lamp (Min-
plications, a photoluminescent silicon-based materiel on a eralight Model No. S52). Generally, samTles etched for

transparent substrate may have numerous applications in less than I min did not luminesce whereas SOS samples

photonics-related technologies. In this work we show that that are etched longer than - 15 min result in complete

luminescent porous silicon can be produced for silicon dissolution of the stlicon off the sapphire substrate.

films as thin as 0.3 pm using a chemical stain etch of SOS The photoluminescence spectra of etched samples were

material. The fabrication of thin-film porous SOS allows obtained using a defocused (5 mW/cm2 ) 4-42 nm HeCd

the elimination of interactions with and contribution from laser for excitation and the emission collected by a 1/4 rn

the bulk by etching the entire silicon layer. This aids in the monochrometer with a CCD detector. The collection spot

elucidation of the photoluminescence mechanism by allow- size was on the order of 1 mm in diameter. Care was taken

ing the examination of the porous layer independently. The to record the emission spectra within 5 min of sample prep-

etching process can also be photochemically activated al- aration in order to minimize the degradation of the lumi-

lowing the generation of photoluminescent patterns of po- nescence which in some cases is observed with exposure to

rous silicon. The photoinitiated etching of porous features air. The porous SOS samples show photoluminescence sig-

in silicon or SOS may be advantageous for VLSI process- nals comparable to those published for p-type bulk sili-

ing. con.t ."12 The photolurninescence spectra of 10 pm thick

The chemical stain etch used a solution of SOS etched for 9 min are shown in Fig. I. The two curves

HF.HNO3 :deionized H.O (1:5:10)...i.. Bulk (100)- shown are the emission spectra obtained when the sample

oriented 1tB-doped silicon samples with 3-5 fl cm resistiv- is illuminated and emission collected at the silicon side

ity were used. The SOS samples were epitaxially deposited (dotted line) and at the sapphire side (solid line) of the

silicon, boron doped in situ to 4X 105 cm-3 , on 270 nm wafer. The photoluminescence maximizes in intensity at

tiick SOS (l0X t10cm-3) toa total silicon thickness of 10 -700 nm with FWHM of - 100 nm. The luminescence

pum. The etch solutions were prepared by reacting a square from the Cr' 3 impurity (695 nm) is pronounced in he

centimeter of silicon with the HF:HNO; mixture for 2 min sapphire side illumination spectrum. The similarity in the

causing an accumulation of HNO2 , the active oxidizer in front and backside spectra suggests uniformity in the po-

the reaction.1 3 The chemical etch is a result of hole injec- rous structure with depth, and that strain effects due to the
lattice mismatch between the silicon and the sapphire
are minimal.

* Postdoctoral Fellow from Office of Naval Technology administered by Identically procesed bulk porous silicon ,rnd porous
the American Society for Engineering Education,

Preent address: Molecular Biosystcms Ine San Diego, CA 92121. SOS exhibit qualitatively different emission %,hen illumi-
Formerly Naval Ocean S)stems Center (NOSCj nated with a UV lamp, Bulk porous silicon, chemically
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FIG. I. The emission spectra of porous silicon on sapphire when illum.i-
nated at 442 nm. Results obtained by the excitation and collection of hiM
from the front (silicon) side and the back (sapphire) side are show n wih Ranan Sh it ;n'

dotted and solid lines. respeciiely. Backside illumnination and deecnon
clearly shows the Cr-

3 
(695 nm) line from metal impurites in FIG 3. Raman spectra of (solid) bulk silicon ,dashe' ) 10 pm .h3ck

rhe sapphire.,~ ,.lcon• rn sa,-phire, (single dit/da'hed) 10 pn- 1hi4 -,r,, dircon on

sapphire (triple dot/dashed) 0.3 pm thick porous sil cn c.napphre. and

etched as described abose, emits a vivid luminescence, (dotted) porous Si prepared from a bulk (C50 pm r•hck 'Aafer

whereas the 10 'uam thick porous SOS sample exhibits a
hazy, diffuse luminescence emission. In order to under- the optic modes are degenerate without stress.
stand these differences, the morphology of the samples Samples were mounted in a backscatiering geometry,
were anal\ zed using scanning electron microscopy (SEM ) and contained in an argon ambient during da'a acquisiltion.
Tie thickness ofthe porous layer in the bulk porous silicon Raman spectra were obtained u,ing a 10 mW HoNe laser
is on the order of 100 nm with a surface roughness on the 1632.8 nm) uxcilation source to minimize hackground
order of 10-20 Prm. The porous layer on the SOS sample is photoluminescence generated by the porous ,amples. The
less discernable, but shows a comparable surface roughness inelastically scattered photons were analyzed in a SPEX
as shown in the SEM cross section in Fig. 2. Readily ob- Doublemate Spectrometer equipped with a photon count-
servable are additional crevices and cracks extending ing CCD. The Stokes portion of the spectra are displa\ed
ihrough the entire 10 pm silicon ]ayer on sapphire. These in Fig. 3. The "solid" curse shows the OF) phonon of

cracks are attributed to preferential etching along thread- bulk silicon at 521.5+0.7 cm- t with respect to the excita-
ing dislocations and presumably cause diffuse scattering of lion wavelength. This posilion is marked by a %ertical line
the emitted photoluminescence. The dislocations arise in the figure for reference. The "dashed- curve corresponds
from the thermal mismatch between silicon and the sap- to an unetched 10 pm thick SOS wafer. The SOS ei)hibits
phire substrate which produces compressive stress in the a peak at 523.7±0.7 cm- 1, which corresponds to a com-
silicon layer during the deposition at high temperature and pressive stress of - 5 X 109 dyne/cm. 14 The "single-dot/
subsequent cooling. This stress is partially relieved by the dashed" curve is from a 10 pm thick SOS wafer etched to
generation of threading dislocations. This hypothesis ssas form a purous layer completely to the sapphire interface.
examined using Raman spectroscopy to measure the This exhibits a peak at 522.2±0.7 cm- consistent with
strain-induced splitting and shift of the 0(r) phonon. Due the relaxation of stress in the etched porous silicon film.
to inversion symmetry in silicon's diamondlike structure, Similar results are obtained from a 0.3,pm thick SOS wafer

also etched to form a porous layer completely to the sap-
phire interface and shown as the "triple-dot/dashed"
curve.

Of particular note is the absence of features in the
- Raman spectra attributed to siloxene, amorphous silicon or

microcrystalline silicon whose peaks occur between -480
and 514 cm-I (Refs. 15 and 16). Our analysis of the po-
rous silicon layer on sapphire completely eliminates con-
tributions from the bulk of the substra,., yel shows a peak
position and linewidth (full width half maximum of - 3
cm-t) consistent with single-crystal silicon. The Raman
spectra of porous silicon fabricated on a bulk (500 pm
thick) wafer exhibits a peak at 522.2 ±10.7 cm- which is
shown in the "dotted" curse cf Fig. 3. Differences in the

FIG. 2. Cross-sectional scanning dlectron micrograph wtth the sbmple crystalline properties may be attributed to the fabrication
tIlid to s;,ow tIhe iop surface of hcmically etched photIurnmincsCrt 10 process, since previously reported Raman data \wcre ob-
!im thick silicon on sapphire, lained on electrochemically prepared samples which may
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enlýance dissolution of the crystalline silicon under c,\ces- rokus iio kem~ait reclic ( n 1he cttii.I
sive current densities, holes to catalyze ihe reaction-

We have also demonstrated for the first time that pho- "This work wAas partially funded by the Indepcindcrit
toluminescent porous silicon is produced via a pholoiniti. Resýearch (IR) Program at NCCOSC, RDT&E Divsion,
ated chemical stain etch. For these experiments (100)- the Office of Naval Research Solid State Laser Block Pro-
oricn!ýd bulk silicon, "5As doped to 1-1.8 (1 cm were used, gram, and by the Office of Naval Research through Grant
The n-type SOS samples were epitaxially deposited silicon, No. N00014-92-J-l8l0. The authors thank Kent Wilson
phosphorus doped in situ (1015 cm- 3 ), on 270 nim. thick (UCSD) for use of the Raman spectrometer system.
SOS (75As doped to 1018 cm -3 ) to a total silicon thickness
of l0pm. The acid mixture of HF:HNO3 was diluted with
distiied 1H20 (same ratios as above) and placed in optical L. T. Canham. App! Phys. Lett. 57, t10t6 (1990).
quality cuvettes. The samples were immersed in solution -V. Lehmann anid U. Goselc, App!. Phys. Lett, 58, ?56 (1990).
and illuminated for 2-10 min using a 5 mW HeNe laser. . sey1.C a.F.asrdR.HinN Lgo.F utrRRcm~esta~n, A. Wasicla, A. Halirnauui, and G. Bomrchil, Surf. Sci 254.
For short times, typically 1 nin, etching occurs only in the 195 (1991).
regions where the sample is illuminated. Patterns gener- 'A. Richter. P. Sieiner. F. Kozlowski, and W. Lang. IEEE Elcrcrrn
ated by double slit diffraction produced distinguishable Desice Lett. 12, 691 (1991).

etchd fatues n te oderof 3 ymwit boh te blk A. G. Cuttis and L. T. Carnham, Nature 353, 3;'1 (1991),
etchd faturs o theordr of30 im wth oth he ulk 'V. V, D..ýn and Mi. 4. Z'auor, Science 265. 1791 (1902)

and SOS material. As the illumination time increases the J. C. Campbell, C. Tsai. K -H. Li, .1. Saraihy. Pý R. Sharps. NI L_
etching spreads out to regions of the silicon which were nor Timmocns, R, Vernkazasubramanian. and .1. A. Hulchby. Arnl. Phys.
illuminated and small etched features become washed out Leitt 60, 889 (1992).

consistent wih h generation of holes required for the V. V. Doan arid Nl. J. Sailor, App). PhN s Lett. 60. 619 19147.
consistent výk e . Halimaoui, C. Ovies, G. Bomchil, A. asiesy. F. Gaspard. R. Hcrnno.catalyzation of the etching mechanism described above. ,NI. Liecon. and F Mufler. App! Ph,,s. Leu 59. 13&4 (1991).

After rinsing with deionized H2 0O and drying with nitro- 'N. Koshida arid H. Kc'Ža ma. App!. Ph~s Lett 60, 347 192
gen, the samples display visible orange photoluminescence J, Sarathy. S Shih. K. Jung. C Tshu, K -H. Li. D .L K~~cng, .t C,

upn V illumination. The porous silicon layer thickness Campbell. S.-L. Yau. and .A. .1. Bard. App) Phs. Lein 60. ý2

is found using SEM to be -300 nm for samples irradiated :R. W. Faihuer. T. George. A. Kusendzov. 3and R P. \'a'.quez. App]
for 8 min. P~s. Leit. 60 995 17.

In conclusion, w,.e have demonstrated photolumines- 'S K. Ghandi. I'MI Fcbricatwln Pi'nc~i'ics (W~iley. New York. 191ý3),

cent porous silicon on sapphire (SOS). SEM and Raman "TEgln G8 . Asrie.an .PrthrS.SldSae lcr 3
data show a relaxation of the strained layer and photoemis- ',I ;;Fsoy
sian by apparently crystalline material. Photoluminescence Mt. S. Brandt. H. D, Fuchs, M-. Siutzmanri, I1 Webcr. and Mi Cardon.a.
has been obtained from both the front and backside of fthe ,Solid State Commun 81. 307 I l912)_

Jt. M. Perez, i. Vil1alobos. P. McNeill, J. Prasýad. R Check. J1. yeltcr, 1.
porous SOS material. We have also demonstrated a pho- P. Esirera, P. D. Siesens. and R. Glos..er. Appl. Phss Lett 61., ItI3
toinitiated etch for the fabrication of photoluminescent po- t I9:.
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